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Emile Bacha, MD, FACSInitial tetralogy of Fallot (TOF) repairs in the 1960s and1970s were mostly done with large transannular right
ventricular outﬂow tract (RVOT) patches.2 Persistent right
ventricle (RV) volume loading due to pulmonary regurgitation
(PR) is now recognized as injurious to the RV over the long
term.3 Right ventricular dilation, RV diastolic dysfunction, RV
ﬁbrosis, tricuspid regurgitation (annular dilation, but some-
times due to surgical changes at ventricular septal defect
[VSD] patch), arrhythmias (risk of ventricular arrhythmias),4
and in late stages, left ventricle dysfunction are all recognized
as late sequelae of chronic pulmonary regurgitation following
TOF repair. Finally, the RVOT patch itself can act as an
energy sink especially when large and patulous.5-9
Thus, virtually every surgeon would agree that pulmonary
valve preservation is beneﬁcial in this setting. The question
is, at what price. In other words, in an ideal setting, one
would have no regurgitation and no residual RVOT stenosis
following TOF repair. As this is rarely possible except in
ideal anatomical circumstances, how much residual pulmo-
nary stenosis is too much to leave behind and how much PR
is acceptable (keep in mind that quantiﬁcation of PR by
transesophageal echocardiogram is questionable and gives
you a gross estimate only, in addition to the fact that RV
restrictive physiology, often present before and after surgery,
also plays a role in “minimizing” the degree of PR)?
A recent survey of the Society of Thoracic Surgeons Database1
concluded that “despite contemporary awareness of the late
consequences of pulmonary insufﬁciency, ventriculotomy with
transannular patch remains the most prevalent technique, both
for primary repair and for repair following palliation.”Surgical Management
As a rule, any symptomatic TOF is repaired, provided the
anatomy is clear. The role for palliative aorto-pulmonary
shunts in TOF with pulmonary stenosis has become limited
to a very small subset of patients, such as those with
anomalous left anterior descending (LAD) artery crossing the
RVOT, signiﬁcant noncardiac problems, or contraindication
to cardiopulmonary bypass. In our experience, shunts carrye front matter r 2013 Elsevier Inc. All rights reserved.
g/10.1053/j.optechstcvs.2013.12.005
iving consulting fees from Cormatrix.
College of Physicians and Surgeons, Division of
d Vascular Surgery, Section of Congenital and
urgery, Morgan Stanley Children’s Hospital of New
CHONY), New York, NY.
sts to Emile A. Bacha, MD, FACS, Morgan Stanley
l of New York-Presbyterian (CHONY), 3959 Broad-
w York, NY 10032. E-mail: eb2709@columbia.eduas much morbidity as primary repair. Thus, symptomatic
neonates with TOF usually undergo primary repair.
Elective surgical repair of tetralogy of Fallot is performed
typically at approximately 3-6 months of age.
Standard cardiopulmonary bypass techniques with bicaval
cannulation and mild hypothermia (32-341C) are usually
employed. Intraoperative transesophageal echocardiogram is
performed to assess the anatomy and adequacy of the repair.
The surgical principles that allow us to have a high rate of
pulmonary valve preservation are the following: The main
pulmonary artery (MPA) is almost always opened and later
patched, as it provides a better avenue to work on the
pulmonary valve than the RVOT. A small incision (usually
1 cm) is liberally made right below the pulmonary annulus
on the RVOT, with complete and meticulous eradication of
subpulmonary and suprapulmonary stenoses. Some surgeons
are reluctant to make an incision in the RVOT, preferring to
divide obstructing muscle bundles though the tricuspid valve
and the pulmonary valve. A detailed analysis of the
pulmonary valve anatomy and sinuses, noting the number
of cusps, the number of commissures, and planes of the cusp,
in particular the anterior cusp, is done. This inspection is
more important than the preoperatively measured z score
that only informs on the pulmonary annular size and not on
valve morphology, repairability, or effective oriﬁce.
Based on this information, a decision is made whether to
(1) just perform pulmonary valve thinning and commissur-
otomy, (2) add intraoperative balloon dilation, or (3) perform
a patch augmentation of the pulmonary valve. A classic
transannular patch has now become a rare event.
A patent foramen ovale (PFO) (2-3 mm) is almost always
left behind as decompressing outlet for early RV dysfunction.
Mortality for standard TOF surgery is very low (1.3% in
recent Society of Thoracic Surgeons congenital database
analysis1). Potential complications that are speciﬁc to TOF
surgery include RV dysfunction (usually limited), atrioven-
tricular block (o3%), junctional ectopic tachycardia (o5%),
patch dehiscence with residual VSD (poorly tolerated), and
residual RVOT obstruction. Long-term outcomes are gene-
rally excellent.
The pulmonary valve anatomy, as it relates to surgery, has
been neglected. Z scores are simply normalized values of
pulmonary annuli and do not reﬂect the degree of cusp
dysplasia or effective oriﬁce available. Thus, relying only on
z scores can be misleading. Z scores need to be part of the
overall picture, but intraoperative inspection of the valve is
equally important. It is important to think in terms of valve
morphology, not annular size (Figs. 1-11).
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Figure 1 After median sternotomy or partial lower sternotomy, a pericardial well is established. The heart is inspected from the outside, and
typically there is a large size discrepancy between the ascending aorta and the main pulmonary artery (PA), as well as occasionally a “dimple”
seen on the RVOT. The location of the coronaries is noted, knowing that in TOF, the right coronary artery origin is rotated leftward and is
usually close to the MPA. The edges of the infundibulum are marked with 4-0 silk mattress stay sutures. The LAD denotes the septum, and
the lateral stay sutures are placed several millimeters away from the LAD. A ﬁne polypropylene suture is place to mark the exact middle of
the PA bifurcation, for future orientation when making the main PA incision. A patent ductus arteriosus, if present, is ligated or clipped.
SVC = superior vena cava; Ao = aorta; RAA = right atrial appendage; LAD = left anterior descending; RV = right ventricle.
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Figure 2 The aorta, SVc, and inferior vena cava are cannulated, and the patient is placed in mildly hypothermic cardiopulmonary bypass (32-
341C). The aorta is cross clamped, cardioplegia is delivered into the aortic root, and attention paid to a prompt diastolic arrest. The caval tapes
are snared, a right atriotomy is performed, and a left ventricle vent placed though the PFO. The intracardiac anatomy (VSD, RVOT muscle
bundles) is inspected. After control of the branch PAs, the MPA is incised longitudinally using the previously placed distal midpoint suture as
a guide (it is easy to veer toward the LPA and thus create a problem at the distal MPA). If a decision has been made to make an infundibular
incision, the RVOT is opened over approximately 1 cm at the point of greatest stenosis. RPA = right pulmonary artery; LPA = left pulmonary
artery; VSD = ventricular septal defect.
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Figure 3 The VSD is closed via the infundibulum or the tricuspid valve using a patch with 5-0 Tevdek mattressed pledegted sutures (Fig. 3B).
Care must be taken to avoid the inferoposterior edge to avoid the conduction system. Speciﬁc attention must be paid to the ventriculo-
infundibular fold as this can be the site of troublesome intramural residual VSDs. The PFO is downsized to the desired size (typically 2-3 mm)
with a polypropylene suture. Obstructing RVOT muscle bundles are excised. PFO = patent foramen ovale; VSD = ventricular septal defect.
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Figure 4 Attention is now directed toward the RVOT and pulmonary valve. The pulmonary valve is inspected and the number of cusps, their
consistency, the level of fusion, thickness, and the depth of the sinuses of Valsalva are noted. A Hegar dilator is passed to measure the effective
oriﬁce, NOT to dilate the valve. The cusps are thinned out gently, and each commissure is incised with a no. 15 scalpel blade down to the
medial layers. Measure of the new effective oriﬁce is now done again with Hegar dilators. These maneuvers usually gain an additional 1-2 mm
in effective oriﬁce diameter. Depending on the theoretical pulmonary annular size in relation to the body surface area, a decision is made
about whether to stop or proceed with balloon dilation or pulmonary valve patch augmentation. A rough estimate is that if the effective oriﬁce
is within 1 mm of expected effective oriﬁce for body surface area, nothing else is done. If the effective oriﬁce iso2 mm from expected, slow
and deliberate hand-controlled balloon dilation (Fig. 5) using as a ﬁrst balloon diameter the size of the oriﬁce measured after sharp
commissurotomy. If the oriﬁce is considered too small and an incision across the pulmonary annulus is deemed necessary, then patch
augmentation of the pulmonary valve by division of the pulmonary annulus and anterior cusp in the midline, using the 2 divided halves of the
anterior cusp to anchor the patch, is done (Fig. 6). PA = pulmonary artery.
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Figure 5 If one is in the middle range of z scores (typically around 2) and after commissurotomy and valve thinning the effective oriﬁce
should be expanded by another 2-3 mm, intraoperative balloon dilation is a good choice. This strategy is based on several theoretical
advantages and experience with transcatheter pulmonary valvuloplasty in animals and humans. A balloon can be introduced across the valve
annulus at a diameter much smaller than the oriﬁce and then expanded. Dilation occurs in static position, and the radial transmission of stress
imparted by the balloon allows for splitting of commissures as well as dilation and stretching of the annulus.10,11 The ﬁrst balloon size should
be the same size as the measured effective oriﬁce after commissurotomy. One can then incrementally increase the balloon size by 1 mm. The
balloons are dilated by hand under direct vision. PV = pulmonary valve.
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Figure 6 Once a decision has been made to divide the annulus, both RVOT and PA incisions are joined. Most TOF pulmonary valves have a
well-developed anterior cusp that is in the sagittal plane. That cusp is divided in the midline (Fig. 7). The tethering of the anterior cusp to the
MPA is left untouched to preserve hinge function of the newly created large anterior cusp. If the patient has a commissure in the anterior
midline, then the incision is made through that commissure. MPA = main pulmonary artery.
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Figure 7 Division of the anterior pulmonary annulus and anterior pulmonary valve cusp.
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Figure 8 A Cormatrix patch is fashioned. The length should be that of the RVOT incision plus valve height and the width should be the normal
pulmonary valve diameter for body surface area plus 1 mm on each edge for suturing. The width of the patch can also be tailored according to
the fraction of the Hegar dilator circumference exposed at the annulus during RVOT calibration. BSA = body surface area.
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Figure 9 That patch is sutured starting at the edge of the divided anterior cusp, leaving 1-2 mm protruding over the free edge of the valve, and
anchoring the patch to the endothelial layers of the RVOT incision to create a pseudo sinus of Valsalva. RVOT = right ventricular outﬂow
tract.
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Endocardial patch Epicardial edge
Figure 10 Another oval-shaped Cormatrix patch is sutured from the distal main PA to the RVOT covering the entire incision. The right atrial
incision is closed after ensuring that there is no tricuspid regurgitation. The patient is weaned off bypass per routine protocol. Pacing wires are
placed if any evidence of rhythm problem exists.
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Figure 11 Completed operation.
Valve-sparing options in tetralogy of Fallot surgery 327References
1. Al Habib HF, Jacobs JP, Mavroudis C, et al: Contemporary patterns of
management of tetralogy of Fallot: Data from the Society of Thoracic
Surgeons Database. Ann Thorac Surg 90:813–820, 2010
2. Bacha EA, Scheule AM, Zurakowski D, et al: Long-term results after
early primary repair of tetralogy of Fallot. J Thorac Cardiovasc Surg
122:154–161, 2001
3. Geva T, Gauvreau K, Powell AJ, et al: Randomized trial of pulmonary
valve replacement with and without right ventricular remodeling
surgery. Circulation 122(11 suppl):S201–S208, 2010
4. Hickey EJ, Veldtman G, Bradley TJ, et al: Late risk of outcomes for
adults with repaired tetralogy of Fallot from an inception cohort
spanning four decades. Eur J Cardiothorac Surg 35:156–164, 2009
5. Sung SC, Kim S, Woo JS, et al: Pulmonic valve annular enlargement
with valve repair in tetralogy of Fallot. Ann Thorac Surg 75:303–305,
2003
6. Anagnostopoulos P, Azakie A, Natarajan S, et al: Pulmonary valve cusp
augmentation with autologous pericardium may improve early out-come for tetralogy of Fallot. J Thorac Cardiovasc Surg 133:640–647,
2007
7. Radtke W, Keane JF, Fellows KE, et al: Percutaneous balloon valvotomy
of congenital pulmonary stenosis using oversized balloons. J Am Coll
Cardiol 8(4):909–915, 1986
8. Ring JC, Kulik TJ, Burke BA, et al: Morphologic changes induced by
dilation of the pulmonary valve annulus with overlarge balloons in
normal newborn lambs. Am J Cardiol 55(1):210–214, 1985
9. Sluysmans T, et al: Early balloon dilatation of the pulmonary valve in
infants with tetralogy of Fallot. Risks and beneﬁts. Circulation 91
(5):1506–1511, 1995
10. Robinson JD, Rathod RH, Brown DW, et al: The evolving role of
intraoperative balloon pulmonary valvuloplasty in valve-sparing repair
of tetralogy of Fallot. J Thorac Cardiovasc Surg 142:1367–1373, 2011
11. Vida VL, Padalino MA, Maschietto N, et al: Catheter: The balloon
dilation of the pulmonary valve during early repair of tetralogy of Fallot.
Cardiovasc Interv 80(6):915–921, 2012 [101002/ccd.24349, Epub
2012 May 2]
